Introduction
The evolution of magmas has been the focal point of petrological studies since the first decade of the past century. Even if relatively simple processes have been clearly documented (e.g. fractional crystallization, mixing, mingling), they cannot fully explain the chemical peculiarities of many magmas [1] [2] [3] [4] [5] . In the case of magma-crust interaction, more complex processes must be invoked, (e.g. AFC, * E-mail: misiti@ingv.it Assimilation Fractional Crystallization; AEC, Assimilation Equilibrium Crystallization; RAFC, Recharge Assimilation Fractional Crystallization; RTFA, Recharge Tapping Fractionation Assimilation; etc.) to explain geochemical, isotopic, and, to a minor extent, major elements features not consistent with simple models [6, 7] . The contamination of magmas by crustal material takes place when hot magmas induce melting of the crust [8] [9] [10] [11] . This condition depends on the composition of the crustal materials and on the incubation time or rate of magma supply [12] . When crustal magmas are formed by partial to complete fusion of crustal rocks, crust-basalt melt interaction takes place. In this condition the mobile trace elements can be redistributed during interaction and their isotopic compositions can be modified selectively by diffusion [13] [14] [15] [16] [17] [18] . For instance, the Neogene Volcanic Province within the Betic Cordillera has a volcanism associated to crustal anatexis of metapelitic enclave suites originated at different crustal depths, from 20 to 9 km [19] . Crustal anatexis has been explained by the emplacement of basaltic magmas that, interacting with the crustal melts, produced the calc-alkaline volcanic activity ( [20] and references therein). Otherwise, metaanorthosite and associated plutonic rocks constitute an important component of the older and thicker continental crust. However, in some cases the subsequent erosion and tectonic stripping may rapidly uplift these deeply buried rocks [21] that locally preserve a high pressure metamorphism [22] . Under this condition, the opportunity for physical and chemical magma-crust interaction generally increases; rising mafic magmas introduce heat into the crustal material, causing intracrustal melt generation ( [23, 24] and references therein).
Here, we experimentally investigate the contamination of mantle-derived magmas by crustal material. Particular attention has been directed to the behaviour of trace elements in a basaltic melt during its interaction with two partially molten crustal rocks (metapelite and metaanorthosite). The chosen experimental temperatures were kept near the liquidus temperature of the basalt, at 1150 and 1200°C, while pressures were in the range of 0.5-0.8 GPa.
Starting materials, experimental procedures and analytical techniques

Starting materials and compositions
A meta-anorthosite (MK72), a metapelite (VA38) and a basalt (PF1) were chosen for the experiments. Analyses of the bulk starting materials are reported in Table 1. MK72 represents the mafic lowermost part of the continental basement from the Pan-African belt (Tanzania), with a P-T stability field in the range of 0.8-1.0 GPa and 900°C according to the literature [25] . Plagioclase is the major phase (80 vol.%) of this metabasic rock. Granoblastic plagioclase layers are alternated with garnet, hornblende, ilmenite and occasional apatite layers. VA38 comes from the uppermost part of the continental crust of the Gennargentu Intrusive Complex (Italy). The rock is a coarse-grained schist. Grained quartz is the most abundant phase (70 vol.%) and muscovite, biotite, sillimanite, and magnetite occur in lepidoblastic layers. Its P-T stability field has been estimated at 0.4-0.5 GPa and 550-650°C [26, 27] .
PF1 is a calc-alkaline glassy scoria from Panarea Island (Italy) whose composition is at the boundary between basalt and basaltic andesite according to the TAS diagram [28] .
Experimental procedures
A PF1 clear glass was obtained from the glassy scoria by loading the fine grained powder in Fe-presaturated Pt-capsules (5 mm outer diameter) and double melting the sample at 1400°C for 20 minutes in an atmospheric Deltech DT-31 vertical rapid-quench furnace at the Dipartimento di Scienze Geologiche Università "Roma Tre" (Rome). Oxygen fugacity (NNO+2) was buffered by a CO-CO 2 gas mixture, controlled by a SIRO 2 solid zirconia electrolyte oxygen sensor located about 5 mm from the sample. This melting process was chosen to avoid the possibility of interferences with microlites belonging to the natural product. The glass electron microprobe analyses overlap the bulk analysis reported in Table 1 , and the loss of iron or alkalies was not detected. PF1 glass, and MK72 and VA38 rocks were then crushed in the mortar and sieved to a grain size of 1 μm.
The experiments were conducted in a solid-medium 3 / 3 inch end-load piston cylinder apparatus at the HP-HT laboratory of Istituto Nazionale di Geofisica e Vulcanologia (Rome), by half filling a Pt-capsule (3 mm outer diameter; 15 mm length) with PF1 powder. The meta-anorthosite or metapelite powder was then loaded and pressed at the top of the PF1 powder to fill the upper portion of the capsule. Each capsule was filled by a similar thickness of the two PF1 and MK72 (or VA38) powders. Runs were performed at variable time durations (1, 2, 4 and 8 h) and constant P-T conditions for the PF1-MK72 (0.8 GPa and 1200°C) and PF1-VA38 (0.5 GPa and 1150°C) coupled compositions. The samples were first pressurized using the piston-in technique to nominal pressure within 25 MPa of the actual pressure, and then heated at a rate of 200°C min −1 up to 20°C below the set point. The last 20°C were reached with a rate of 40°C min −1 . The temperature was controlled by aW 95 Re 5 -W 74 Re 26 thermocouple and held within 3°C of the experimental temperature. The thermocouple was positioned such that its junction was coincident with the cylindrical axis of the furnace and the midpoint (length-wise) of the capsules, where the furnace hot-spot is estimated to be approximately 8 mm length. The run was quenched by turning off the power to the heater. The quench was isobaric and the rate was about 2000°C min −1 . The apparatus was calibrated for pressure and temperature as described by [29, 30] . The capsule was put into a 19.1 mm NaCl-crushable aluminapyrex assembly. Furnace assembly consisted of an outer NaCl cylinder with a high-purity graphite furnace tube surrounded by a pyrex glass sleeve within. The capsule (15 mm long) was inserted vertically into holes drilled in the alumina rods. The rods were then loaded into the graphite furnace tube. Care was taken to ensure that the centre of the capsule coincided with the centre of the hot-zone. Oxygen fugacity was of NNO+2. This value was estimated, according to the [31] model, by Mossbauer spectrometrical analyses performed on a PF1 test sample. The NNO+2 value agrees with those measured from previous studies where the same piston cylinder assembly was used [32] [33] [34] .
Analytical techniques
Major element analyses of the experimental products were performed at the CNR-IGAG (Rome) with a Cameca SX50 (Electron Probe Micro Analysis) equipped with five wavelength-dispersive spectrometers using 15 kV accelerating voltage, 15 nA beam current, 10 μm beam diameter, and 20 s counting time. The following standards were used: wollastonite (Si and Ca), corundum (Al), diopside (Mg), andradite (Fe), rutile (Ti), orthoclase (K), jadeite (Na), barite (Ba, S), celestine (Sr), F-phlogopite (F), and metals (Cr and Mn). Na and K were analyzed first in order to reduce possible volatilization effects.
Trace element analyses were conducted at the CNR-IGGPavia with a LA-ICP-MS (Laser Ablation Inductively Coupled Plasma Mass Spectrometry) apparatus. The laser source consists of a Q-switched Nd:YAG laser (Brilliant, Quantel), with a fundamental emission in the near-IR region (1064 nm) which is converted into 266 nm by two harmonic generators. Using mirrors, the laser beam (10 μm in diameter) is carried into a petrographic microscope, focused above the sample, and then projected onto it. Optimum average instrumental operating conditions are: RF power 800-900 W, cooling gas 12.08 l min −1 , sample gas 0.9-1.1 l min −1 , auxiliary gas 1.00 l min −1 and carrier gas 0.9-1.1 l min −1 . The total scan-time is about 700 ms, the settling time is about 340 ms, and hence the acquisition efficiency is estimated at about 50%. A typical analysis consists of acquiring one minute of background and one minute of ablated sample, thus approximately 170 sweeps are required. The mean integrated time for acquisition is about 0.9 s for each element. The ablated material was analyzed with a single-collector double-focusing sector-field ICP-MS (Element, Finnigan Mat, Bremen, Germany). Three parallel analytical profiles were performed across the basalt-crustal rock interface to collect a representative number of analyses. Screening of the data was conducted to discriminate glass and crystals. The trace element analyses reported below refer to the 8 h runs which display more appreciable element variations with respect to the whole dataset. Image analyses and chemical maps were used to determine the volume percent of crystals and glass from the experimental products. Analyses were performed at the HP-HT laboratory of INGV (Rome) with a Jeol FE-SEM (Field Emission Scanning Electron Microscope) 6500F equipped with an EDS (Energy Dispersion microanalysis System).
Results
Textural characters
The basalt-crustal rock run conditions and experimental assemblages for both the PF1-VA38 and PF1-MK72 products are summarized in Table 2 . The PF1-VA38 products consist of poorly crystallized basalt below a partially molten metapelite (Figure 1 ). The thickness of the interaction layer is about 2 mm (Figure 1) . Clinopyroxene (En 9 -Di 81 ) and plagioclase (An 83 ) are the mineral phases on the liquidus. Their abundance increases from 2 to 8 vol.% with experiment time and is characterised by a pyroxene/plagioclase constant ratio of 1.5. The VA38 restitic assemblage consists of quartz and sillimanite. The amount of glass produced by the partial melting increases from 50 to 60 vol.% with the experimental time. from 45 to 60 vol.%. A sieve-textured plagioclase is the only restitic phase present. In Figure 3 , two backscattered SEM images show that plagioclase has a reaction rim (light grey colour) more An-rich (An 56 ) with respect to the core composition (An 44 ) that strictly matches the original chemistry of meta-anorthosite plagioclase (Table 3) . At the PF1-MK72 boundary a 0.8 mm wide interaction layer develops, from which new crystals of plagioclase crystallize (Table 3 and Figure 3 ). Plagioclase content increases from 5 to 20 vol.% with increasing the experimental time: acicular (2×20 μm) crystals occur in the 1 and 2 h runs, while tabular shapes (10×50 μm) are present in 4 and 8 h runs (Figure 3 ).
Glass chemistries
In PF1-VA38 experiments, the PF1 melt composition becomes more basaltic andesitic with time due to the crystallization of small amounts of clinopyroxene and plagioclase (Table 4) . On the contrary, the partial melting of VA38 produces a rhyolitic melt (Table 4) . In Figure 4 , the chemical profiles of major elements show that a compositionally monotonic change between basalt and rhyolite takes place. Notably, there is a slight diffusion of alkalis from the 1 to 8 h runs, but this is not observable at the scale of Figure 4 ; accordingly, their concentration profiles are very limited during the interaction between basalt and rhyolite, two structurally distinct (i.e., degree of polymerisation and viscosity) melts [35] . Differently, chemical profiles of trace elements clearly show a chemical flux from metapelite towards basalt (Figure 5 ). This diffusion process occurs for LILEs (Large In PF1-MK72 experiments, the MK72 melt composition changes with increasing the partial melting of the crustal rock from the 1 to 8 h runs. Particularly, the progressive dissolution of plagioclase increases the Al 2 O 3 and Na 2 O contents in the melt with increasing experimental time ( Table 5 ). Chemical profiles of the major elements in PF1 and MK72 glasses are shown in Figure 6 . At the PF1-MK72 boundary layer, the ongoing crystallization of new plagioclases from the hybrid melt causes discontinuities in the elemental trends. The oxide chemical profiles do not monotonically change as a function of the PF1 Figure 7 . The chemical diffusion of trace elements into the PF1 melt is easily observable. However, the diffusion process is different to that expected; steep ramps starting from PF1 towards the MK72 side led to anomalous chemical distribution in the hybrid glass. Trace element concentrations in the hybrid glass are higher than those measured in both the PF1 and MK72 interacting melts.
Discussion
Trace element behaviour
Trace element diffusion in silicate melts have been measured in different ways in previous studies: chemical, trace and self diffusion [36] [37] [38] [39] [40] [41] [42] . However, experiments were designed to calculate trace element diffusivities by coupling two halves of the same synthetic glass or two halves of different synthetic glasses, doped with variables amounts of the investigated elements. Thus, in terms of major components, a single melt chemistry was adopted, and therefore element diffusion occurred in the same compositional matrix. Even when two different melts were placed in contact (i.e., basalt-rhyolite or dacite-rhyolite), the investigation was limited to the behaviour of few elements in the pure glasses [43] [44] [45] [46] [47] .
In the present study, we attempt to determine the trace element diffusivities between two adjacent melts of con- tallization of plagioclase from the hybrid layer modified the original PF1-MK72 chemical gradients. According to this we determine the trace element diffusion coefficients by using the chemical gradients formed between the hybrid melt and the basaltic one. In this model, the solution of [48] second law is:
where C i is the element concentration (wt%) at time t (s) and distance x (cm) from the interface; C o is the concentration at the origin (x=0); and D i (cm 2 s −1 ) is the diffusivity of the element. In Table 6 , we report D values calculated for the trace elements with appreciable chemical gradients and measurable diffusion profiles. The diffusion data computed for the PF1-VA38 experiments cover a range from 0.36×10 −7 (Hf) to 6.61×10 −7 (Pb) cm 2 s −1 and their values agree with those observed in previous multi-element diffusion studies on basaltic melts [49, [49] [50] [51] . As it is reported in Figure 8 , LREEs (La, Ce, Pr, Nd, Sm, Eu and Gd) are faster with respect to HREEs (Tb, Dy, Ho, Er, Tm and Yb, Lu), whilst HFSEs (Hf, Th and U) are the slowest ones. These diffusion patterns are consistent with variations of diffusion coefficients as a function of the ionic radius and charge of the cations. In general, the diffusivity decreases from LILEs, to LREEs, to HREEs and to HFSE (Figure 8 ), a trend that is correlated to the increase of charge in the same order; for elements of a given charge, diffusion coefficients generally decrease with increasing ionic radius [36, 41, 42, 52] . The diffusion coefficients calculated for the PF1-MK72 experiments are one order of magnitude higher than those computed for the PF1-VA38 runs (Table 6 and Figure 8 ). Figure 8 illustrates how the diffusion coefficients for HFSEs (Th, Zr, Hf, Nb) are comprised within a range from 10.02×10 −7 (La) to 70.12×10
(Hf) cm 2 s −1 in which both LILEs (Rb and Cs) and LREEs (La and Dy) values are included. These variations do not follow the ionic properties (i.e., radius, charge and field strength) and chemical grouping (LILEs, LREEs, HREEs and HFSEs) of the cations. Such a feature is ascribed to the crystallization of new plagioclase in the hybrid melt that occurs at the PF1-MK72 interaction layer. Trace elements not compatible with the plagioclase crystal lattice concentrate in the hybrid melt, thus modifying the original PF1-MK72 chemical gradients. The occurring diffusive patterns agree with the "transient equilibrium" model proposed by [35] . When two structurally different melts are brought into contact and begin to mix by diffusion, the major and trace elements of the melts show a preference for one melt relative to the other, with an attempt to establish a distribution between the two melts that resembles a two-liquid equilibrium. However, the melt structure is largely determined by the proportion of network-formers species (principally SiO 2 and Al 2 O 3 ) that are slow-moving relative to the other components that partition themselves between the two interacting melts. Thus, the behaviour of SiO 2 and Al 2 O 3 controls the rate at which concentration gradients of all the others species are eliminated. In our experiments, the crystallization of plagioclase at the PF1-MK72 interaction layer affects the chemical gradient of SiO 2 and Al 2 O 3 ( Figure 6 ). Consequently, their concentrations do not vary monotonically, driven by a constant chemical gradient as occurs for the PF1-VA38 trends (Figure 4) . The trace element concentration increases in the hybrid melt, thus changing the liquid-liquid trace element partitioning between the two interacting starting compositions. Furthermore, it has been suggested [50, 53, 54] that the diffusion of cations is influenced by the structural reorganisation of the melt network. When the rate of structural reorganization of the melt network is comparable to, or greater than the mobility of the individual cations ("intrinsic diffusivity"), network reorganization dominates the mobility of all species ("extrinsic diffusivity"), resulting in a clustering of diffusion coefficients. According to this, diffusion coefficients for the PF1-MK72 runs show no dependence upon the ionic properties or geochemical grouping of the cations. We infer that this behaviour is due to melt structural reorganization at the PF1-MK72 interaction layer that completely overwhelms the intrinsic diffusivity of the trace elements. 
Implications for magmatic processes
Results of previous studies on diffusion in silicate melts, suggest that diffusion is relatively slow, and that on a geologic time scale diffusion is unimportant in large-scale [35-38, 45, 46] . This statement, however, is not valid for short magma residence times [55] [56] [57] . During these short periods digestion of crustal material in basaltic magma is extraordinarily rapid, as well as, melts generation and extraction form crustal rocks [9, 12, 55, [58] [59] [60] . It follows that geochemical diversity within single eruptive episodes, hence variable overprinting of mantle geochemical signatures, is potentially common during magma interaction with crustal material. Moreover, several studies show that in the case of a large surface area with a "fingered" flow morphology at the contact between basaltic and more differentiated or crustal magmas, diffusion in the melt can be an important mixing process, at least for the mobile trace elements [13] [14] [15] [16] [17] [18] . These studies demonstrate that mobile trace elements can be redistributed on a large scale, during interaction at particular magmatic conditions, and that isotopic compositions can be modified selectively by diffusion without significantly changing the major element composition of melts.
Data from experimental studies conducted on both mafic and silicic compositions, show that after 10.000 yrs at 1200°C, diffusion profiles in melts are relatively short with lengths (defined as x = (Dt) 1/2 ) from 0.1 to few meters ( [41] and references therein). Accordingly, the lengths of diffusion profiles range from 0.1 (Hf) to 2.57 (Pb) meters when diffusion coefficients from PF1-VA38 experiments are used.
On the contrary, the lengthening of the profiles is considerably higher in the case of PF1-MK72 diffusion coefficients, showing values from 3.16 (La) to 8.37 (Hf) meters. It should be noted that magmatic modelling is highly idealized being based only on tracer diffusion data, without inclusion of gradients of chemical potentials for components within the melts. Furthermore, the effects of crystallization at the magma-country rock interface have never been considered as a possible cause of altered chemical gradients. Results from this study show that the formation of new crystals changes the liquid-liquid partitioning of cations; under these conditions, the diffusivity of trace elements becomes surprisingly fast and unpredictable. It is clear that our experiments are not sustainable for natural long-term processes where heat is controlled by a balance between heat convection in the magmatic body and heat conduction into crustal rock. Thermal diffusion will depress the thermal gradient between the two melts and consequently the effects produced by a chemical diffusion process will be shorter. However, we can consider our results reliable in the simplest case of magma-crust temperature equilibrium, when magmatic heat cannot be removed rapidly away from the crustal rocks and a constant thermal gradient persists in the magmatic body.
Conclusions
We have experimentally investigated the trace element diffusivities between basalt and two crustal rocks. The formation of new crystals with the interaction between crustal and basaltic melts promotes diffusion processes that are not controlled by the chemical-physical properties of trace elements. We conclude that the behaviour of trace elements must be revised when crystallization occurs during magma-crust interaction. At these conditions, strong diffusional processes can be the reason for noticeable mismatches, when Rayleigh models and simple assimilation fractional crystallization calculations are performed to explain the chemical features of contaminated magmatic suites.
